is critical for development of olfactory system and essential for neural regeneration after OEC transplantation into nerve injury site. However, the molecular mechanisms underlying the regulation of directional migration of OECs remain unclear. In this study, we found that in migrating OECs, phosphorylated myosin light chain (p-MLC, active myosin II) displayed a polarized distribution, with the leading front exhibiting higher than soma and trailing process. Over-expression of GFP-MLC significantly reduced OEC migration. Moreover, decreasing this front-to-rear difference of myosin II activity by the frontal application of a ML-7 (myosin II inhibitors) gradient induced the collapse of leading front and reversed soma translocation of OECs, whereas, increasing this front-to-rear difference of myosin II activity by the rear application of a ML-7 or BDM gradient or the frontal application of a Caly (myosin II activator) gradient accelerated the soma translocation of OECs. Finally, myosin II as a downstream signaling of repulsive factor Slit-2 mediated the reversal of soma translocation induced by Slit-2. Taken together, these results suggest that the polarized distribution of active myosin II regulates the directional migration of OECs during spontaneous migration or upon to extracellular stimulation such as Slit-2.
chain (MHC) dimers and two pairs of myosin light chains (MLCs). Myosin II can bind reversibly to actin filaments, hydrolyze ATP in a process that is activated by actin and thereby convert chemical energy into mechanical force and movement. The regulation of myosin II activation is through phosphorylation of the 20 kDa MLC 22, 23 . MLC20 is a substrate for a number of kinases, including Ca 2+ -calmodulin-dependent MLC kinase (MLCK) 24 , Rho kinase and AMP-activated protein kinase (AMP kinase) 23, 25 . These kinases phosphorylate MLC20 primarily on Ser19 26 , which increases actin-activated MgATPase activity, filament formation and contractile activity in vitro and in vivo 21 . Recent studies have shown that NMII play a critical role in three related cellular activities: generation of cell polarity, cell migration and cell-cell adhesion 21 . However, it remains unknown that whether NMII regulates the directional migration of OECs during spontaneous migration or upon to extracellular factor stimulation.
In the present study, we found that the polarized distribution of active myosin II regulates the directional migration of OECs during spontaneous migration or upon to the repulsive factor Slit-2.
Results
The polarized distribution of active myosin II in migrating OECs. To explore the potential effects of myosin II in OEC migration, we firstly examined the cellular distribution of active myosin II in cultured OECs. Immunostaining of p-MLC (serine-19, myosin light chain, MLC), which marks the activated form of myosin II, was performed. As shown in Fig. 1A , in Schwann cell-like OECs with higher motility 27 , p-MLC displayed a polarized distribution, with the leading front exhibiting higher than the soma and trailing process. p-MLC mainly distributed at the center of leading front, and partially co-localized with F-actin ( Fig. 1A) . In another subtype OECs, astrocyte-like OECs, p-MLC displayed similar distribution, mainly at the center of leading front (Fig. 1B) . To further examine the distribution of active myosin II in migrating alive OECs, cultured OECs were transfected with a fluorescence resonance energy transfer (FRET)-based myosin II biosensor.As shown in Fig. 2A , in Schwann-cell like OECs, the FRET signal for the active myosin II also displayed a polarized distribution, with the leading front exhibiting higher activity than soma and trailing process. In astrocyte-like OECs, the FRET signal mainly distributed at the center of leading front (Fig. 2C) . These results suggest that active myosin II mainly distributes in center of the leading front, but not soma. This notion was further supported by the photometric analysis of the active myosin II in migrating OECs based on time-lapse imaging. As shown in Fig. 2B and D, the active myosin II maintained this polarized distribution, mainly distributed at the center of leading front during OEC migration. Taken together, these results suggest that the polarized distribution of active myosin II may be critical to regulate directional migration of OECs.
Over-expression of MLC reduced OEC migration.
To examine the role of active myosin II in OEC migration, cultured OECs were firstly transfected with GFP-MLC. As shown in Fig. 3A and B, GFP-MLC mainly distributed in the soma and leading front of OECs, partially co-localized with F-actin. Surprisingly, these GFP-MLC OECs migrated more slowly than control GFP OECs ( Fig. 3C,D) . Indeed, statistical analysis showed that over-expression of GFP-MLC in OECs significantly reduced the motility of OECs, compared with control GFP cells ( Fig. 3E ). These results suggest over-expressing MLC may disrupt the polarized distribution of active myosin II, and then inhibit OEC migration.
Decreasing the front-to-rear difference of myosin II activity induced the collapse of lead front and reversal of soma translocation of OECs. To further examine whether the polarized distribution of active myosin II determines the direction of OEC migration, OEC single-cell directional migration assay was performed. In this assay, microscopic gradient of migratory cue was produced by repetitive puffing of the solutions containing the candidate factors through a micropipette placed at a distance of 100 μm in front of the soma of migrating OECs to mimic the gradient of migratory factors in vivo. Under this standard condition, the concentration of factor at a distance of 100 μm from the micropipette tip was about 10 −3 fold lower than in the micropipette 28 . We firstly applied a gradient of ML-7 (5 mM in micropipette), a specific inhibitor of the myosin light chain kinase, in front of migrating Schwann cell-like OECs (with higher motility in OEC subtypes) to disrupt the polarized distribution of myosin II activity across the cell. Indeed, ML-7 incubation significantly decreased the p-MLC level in cultured OECs (Supplementary material, Fig. S1 ). As shown in Fig. 4C , after the application of ML-7 gradient, the leading front was inhibited in their motility and showed collapse and retraction within 10 min. Most of tested cells, the soma later reversed their direction of translocation, with the original trailing tail becoming a new leading front ( Fig. 4C,D) . As control, application of latrunculin A (LA) or cytochalasin D (CD), inhibitors of F-actin polymerization, induced obvious collapse of leading front within 10 mins ( Fig. 4B,D) , however, only a few of these cells later reversed their soma translocation ( Fig. 4B,D) . OECs migration was not affected by the gradient of DMSO, as a control (Fig. 4A,D) . Quantitative analysis revealed that the average migration rate of soma significantly was decreased under CD or LA or ML-7 gradient, compared with control ( Fig. 4E ). These results suggest the polarized distribution of myosin II may determines the direction of Schwann cell-like OECs migration.
We next examined the role of active myosin II in astrocyte-like OECs, which has two subtypes: type 1 OECs and type 2 OECs 27 . Interestingly, after the frontal application of ML-7 gradient, astrocyte-like type 1 OECs was inhibited in their motility and showed obvious collapse within 20 min (Fig. 5B ), and the original trailing tail regrew new lamellipodia, became a new leading front ( Fig. 5B , white arrow indicated). When ML-7 gradient was applied to astrocyte-like type 2 OECs, these cells also showed obvious collapse, became into astrocyte-like type 1 morphological phenotype, and escaped from the micropipette (Fig. 5D ). Astrocyte-like OEC migration was not affected by the gradient of DMSO, as a control ( Fig. 5A,C) . Quantitative analysis revealed that 91.7% of 12 astrocyte-like type 1 OECs showed collapse and reversed soma translocation under ML-7 gradient, compared with 8.3% of 12 under DMSO control, and 88.9% of 9 astrocyte-like type 2 OECs showed collapse and reversed the soma translocation, compared with 7.7% of 13 astrocyte-like type 2 OECs (Fig. 5E ). Taken together, these results suggest active myosin II at leading front of OECs may maintain the morphology and the stability of leading front, and determine the direction of OEC migration.
Increasing the front-to-rear difference of myosin II activity promoted Schwann cell-like OEC migration. We next examined whether increasing the front-to-rear difference of myosin II activity could promote the migration of Schwann cell-like OECs. As shown in Fig. 6B , we applied ML-7 or BDM gradient from the rear to decrease of myosin II activity at the trailing process. After the rear application of the ML-7 or BDM gradient, the trailing process showed collapse and retraction, whereas, the soma translocation was accelerated dramatically. Schwann cell-like OEC migration was not affected by DMSO, as a control (Fig. 6A,C) . Quantitative analysis revealed that the average migration rate ratio significantly was increased under ML-7 or BDM gradient, compared to control (Fig. 6C ). These results suggest that the front-to-rear difference in myosin II activity may mediate the soma translocation of Schwann cell-like OECs. To further support this notion, as shown in Fig. 6E and F, after the frontal application of the phosphatase inhibitor Caly (25 uM in micropipette), which activates myosin II activity by keeping the myosin regulatory light chain phosphorylated, the soma translocation was also accelerated significantly. Taken together, these results further suggest that the polarized distribution of myosin II activity determines the direction of migration Schwann cell-like OECs during spontaneous migration.
Myosin II as a downstream signaling of repulsive factor Slit-2 mediated the reversal of soma translocation of OECs. Our previous studies have shown that repulsive factor Slit-2 induces collapse of leading process and reversal of soma translocation of OECs 13 . Since myosin II activity plays a critical role in the soma translocation of OECs, we next examined whether myosin II activity as a downstream of Slit-2 mediated the reversal of soma translocation in OECs. We first observed whether Slit-2 treatment could inactivate myosin II in OECs by immunostaining. Meanwhile, we labeled the plasma membrane by using membrane marker Dil dye (1, 1′-dioctadecyl-3, 3, 3′ 3′-tetramethylindocarbocyanine) to observe the relative distribution of p-MLC in OECs. Again, as shown in Fig. 7A , in control OECs, p-MLC displayed a polarized distribution, with the leading front higher than the soma and trailing tail. After Slit-2 incubation, p-MLC in the whole OECs dramatically decreased, especially, at leading front (Fig. 7B ). Quantitative analysis revealed that p-MLC in OECs was significantly decreased by Slit-2, compared with control ( Fig. 7C) . These results suggest that Slit-2 incubation inactivates myosin II.
We next examined the roles of myosin II in Slit-2-induced OEC migration. OECs were pretreated with specific inhibitors of myosin II, blebbistatin (BB), or 2, 3-butanedione monoxime (BDM) in bath for at least 30 mins. As shown in Fig. 7E ,F, the frontal application of Slit-2 gradient to these BB or BDM-OECs still induced the collapse of leading front, but failed to reverse soma translocation. In contrast, pretreatment with DMSO as a control in bath did not affect Slit-2-induced repulsive migration of OECs (Fig. 7D,F) . Quantitative analysis revealed that the average migration rate ratio of soma significantly was decreased after BB or BDM pretreatment in bath, compared with control ( Fig. 7G ). Taken together, these results suggest that myosin II signaling is required for the reversal of soma translocation induced by Slit-2 in OECs.
Discussion
In this study, we present evidence for myosin II's function in OEC migration. During spontaneous migration, front-to-rear polarized distribution of active myosin II determines the directional migration of OECs, whereas, upon to repulsive factor Slit-2, switch from front-to-rear to rear-to front polarized distribution of active myosin II may be required for Slit-2-induced reversal of soma translocation.
OEC transplantation has emerged as a very promising experimental therapy to treat the axonal injuries of central nervous system [29] [30] [31] [32] [33] [34] [35] [36] . Organized migration of OECs enhances the axon regeneration 3, 11, 12 . However, it remains unclear that molecular mechanism underlying OEC migration. Cell migration is a highly regulated and coordinated process, comprised of several steps that include polarization, protrusion, and adhesion formation and turnover at the cell front, along with adhesion disassembly and tail retraction at the cell rear. Much is known about some of these processes, however, less is known about their polarization. In epithelial cells and astrocytes, polarity is established through a signaling pathway involving Cdc42/aPKC/GSK/PAR6 pathway that orients the MTOC, Golgi apparatus, and nucleus [37] [38] [39] . In fibroblasts, activated myosin II creates a region of actomyosin filament bundles that terminate in adhesions 40, 41 . Our previous studies have found that during spontaneous migration, OECs can polarize spontaneously and migrate in a directionally persistent manner 27 , and overexpression of DN-Cdc42 did not affect spontaneous migration of OECs 13 , which suggest that Cdc42 pathway is not required for directional migration of OECs. Although OECs share with some features with astrocytes, their mechanism of spontaneous migration may be different.
Recent studies have reported that in cultured cerebellar granule cells or Schwann cells, myosin II activity is enriched in the proximal region of leading front, and is responsible for the coordinated motility of the centrosome and soma 42, 43 , generating the traction force along the leading process that drives the forward translocation of the soma 44 . In the present study, there are several lines of evidences suggest a critical role for myosin II in regulating the directional migration of OECs. First, consistent with these findings, we also found the polarized distribution of active myosin II in migrating OECs. Second, overexpression of GFP-MLC could dramatically reduce the migration of OECs, which may be due to disruption of endogenous p-MLC distribution. Third, decreasing or increasing the front-to-rear difference of myosin II activity reversed or accelerated soma translocation. Interestingly, inhibition of myosin II activity at leading front by ML-7 or BDM gradient induced the collapse and retraction of leading front, and reversed the soma translocation. These results are consistent with previous study that ML-7 induced the retraction of mature oligodendrocyte processes 45 , however, different to the studies in neuron, that the frontal application of myosin II inhibitor in migrating neuron only suppresses the soma translocation, not affect the leading front 44 . These results suggest that different functions of myosin II exist in neuron and glia cells. Interestingly, the collapse of leading front by F-actin polymerization inhibitors LA or CD only inhibited the soma translocation, whereas the collapse of leading front by ML-7 or BDM could reverse soma translocation. These results suggest that myosin II not only is involved in the lamellipodia extension of leading front, but also be essential for the re-orientation and stabilization of the direction of soma translocation of OECs.
Whether myosin II is also involved in directional migration upon to some guidance factors? Our previous studies have shown that repulsive factor Slit-2 induces the collapse of leading front and reverses the soma translocation in OECs 13 . In the present study, there are several lines of evidences suggesting a critical role for myosin II in Slit-2-induced OECs. First, incubation of Slit-2 inactivated myosin II in OECs, especially at the leading front. Second, Slit-2-induced reversal of soma translocation was blocked by myosin II inhibitors in bath. Myosin II is known to be activated by Rho kinase 21 . Our previous studies have shown that calcium-RhoA-Rock signaling is involved in the reversal of soma translocation induced by Slit-2 in OECs 13 , and myosin II is required for Slit-2-induced migration of Schwann cells 46 . Recent studies also have shown that Slit-2/Robo2 system inhibits nonmuscle mysosin IIA (NMIIA) activity and destabilizes kidney podocyte adhesion through forming Robo2/ SRGAP1/NMIIA complex 47 . Consistent with these studies, thus we propose that myosin II may be a downstream pathway of Slit-2/Robos/RhoA-Rock, to mediate the reversal of soma translocation of OECs induced by Slit-2. How myosin II regulates the Slit-2-induced soma translocation of OECs needs further studies in future.
In summary, we presented evidence to support that the polarized distribution of active myosin II regulates the directional migration of OECs during spontaneous migration or upon to the repulsive factor Slit-2. This knowledge will be helpful for us to better understand the mechanism of OEC migration during development of olfactory system and neural regeneration after nerve injury.
Methods
Primary culture and purification of OECs. Primary OEC cultures were prepared from olfactory bulb of adult Sprague-Dawley rats and purified by differential cell adhesiveness as described previously 48, 49 . The authors stated that all experimental methods involving rats were carried out in accordance with relevant guidelines and regulations of the Animal Bioethics Committee of Wenzhou Medical University, and all experimental protocols involving rats were approved by Animal Bioethics Committee of Wenzhou Medical University. Briefly, the meninges were carefully removed from the olfactory bulb under the dissecting microscope and the olfactory nerve layer was peeled away from the glomerular and deeper layers of the olfactory bulb, then dissociated with 0.125% trypsin (Sigma, St Louis, MO) and incubated at 37 °C for 15 min. Trypsinization was stopped by DMEM/F12 (1:1, vol/vol, Gibco, Grand Island, NY) containing 10% heat-inactivated fetal bovine serum (FBS; Hyclone, Logan, UT). The tissue was centrifuged for 10 min at 500 g, and the pellet was triturated using a flame-polished Pasteur pipette and plated on uncoated 25 cm 2 culture flask (Corning, LY) two times, each for 36 h at 37 °C in 5% CO 2. The non-adhesive cell suspension was collected and then seeded onto 12-well plates (Corning) pre-coated with poly-L-lysine (PLL; 0.1 mg/ml, Sigma), and incubated with DMEM/F-12 containing 10% FBS, 2 μM forskolin (Sigma) and 10 ng/ml bFGF (R&D systems, MN) as mitogen. The media were changed every 3 days. The overall purity of OECs was around 98%. The definition of OECs is described previously 27, 50 . FRET-based imaging of active myosin II with three-channel microscopy. The fluorescence resonance energy transfer (FRET) probe myosin II for monitoring the sub-cellular myosin II activity was kindly provided by Dr. Xiao-bing Yuan (Institute of Neuroscience, CAS, Shanghai). Cells transfected with the FRET probe were imaged on a Nikon Ti microscope with a 40 oil lens (N.A. 1.30) using the Perfect Focus System and were illuminated by a polychrome IV monochromator (TILL Photonics). Filter sets for FRET imaging are CFP (excitation 436 nm, emission, 480/40 HQ, DM 455), FRET (excitation 436 nm, emission, 535/30 HQ, DM 515) and YFP (excitation 510 nm, emission, 535/30 HQ, DM 515). Images of the three channels were recorded simultaneously by using the Cascade 512B CCD (Roper Scientific). Background images were subtracted from the raw images before carrying out FRET calculation. Corrected FRET (FRET C ) was calculated on a pixel-by-pixel basis for the image using the following equation: FRET C = FRET − a × YFP − b × CFP, where FRET, CFP and YFP corresponded to background-subtracted images, acquired through the FRET, CFP and YFP channels, respectively. "a" and "b" were the fraction of bleed-through of YFP and CFP fluorescence through the FRET channel, respectively, and the two values were determined by using cells transfected with YFP or CFP alone. We used the following equation: E = FRET C /(CFP + FRET C ) × 100% to quantify the FRET signal by using MetaFluo and Image J software (PixFRET Plug-in) 13, 51-53 . Single-cell migration assay based on time-lapse imaging. Single-cell migration assay was described previously 13, 27, 54, 55 . In brief, the purified OECs were re-plated onto square coverslips (8 mm) coated with laminin (10 μg/ml) at a low density of about 1000 cells per coverslip. At 24 h after plating, coverslips with cells were put into a chamber containing 1 ml serum-free L15 medium. The chamber was then covered with a thin layer of methyl-siloxane fluid to prevent evaporation. The experiments were carried out at the heated stage (37 °C) of a phase contrast microscope (CK40, Olympus Optial, Tokyo, Japan). Cells with typical morphology of OECs that were not attached to any other cells were selected. Micropipettes used in pulsatile ejection were pulled with a two-stage puller designed for making patch-clamp electrodes. A micropipette with a tip opening of about 1 μm was placed 15 μm perpendicular and 100 μm away from the center of cell under test. A standard pressure pulse of 3 psi (1 psi = 6.89 kPa) in amplitude and 20 ms in duration was generated by a pulse generator and applied to the pipette at a frequency of 2 Hz. Under this standard condition, the concentration of factor at 100 μm from pipette tip is about 10 −3 fold lower than that in the pipette 28 . Images of the migrating OECs were recorded, in a time-lapse mode (one picture every 5 min interval), with a CCD camera (JVC TK-1381, Japan) attached to the microscope, and were then stored in a computer for further analysis using Scion imaging software (Frederick, MD). Briefly, we measured the distance of cell migration during a control period and after treatment, and calculated the respective migration rates (distance/time).
Immunocytochemistry. In brief, the purified OECs were re-plated onto the square coverslips (8 mm) coated with laminin (10 μg/ml, Sigma) at a density of 1000 cells per coverslip or sciatic nerves explants, fixed with fresh 4% paraformaldehyde in 0.1 M PBS (pH 7.4) for 20 min after culturing for 24 h. After washing with PBS, cells were permeabilized with 0.2% Triton X-100 in 0.1 M PBS for 5 min, followed by incubation in blocking buffer (5% normal goat serum and 0.2% Triton X-100 in 0.1 M PBS, pH 7.4) for 1 h, and incubated overnight at 4 °C with polyclonal antibodies against p-MLC (1:50, Cell Signaling Technology); with a monoclonal anti-p-75 antibody (1:500, Chemicon) or diluted in the blocking buffer. Cells were washed three times with PBS and incubated for 1 h at room temperature with an appropriate fluorescence-conjugated secondary antibody (1:1000, Molecular probe, Eugene, OR), and then visualized using confocal or fluorescence microscopy (FV1000, Olympus). No positive signal was observed in control incubations using no primary antibody. For visualization of F-actin, cells were incubated with rhodamine-conjugated phalloidin (1:60, Molecular probe) at room temperature for 1 hour.
For Dil label, OECs were fixed with fresh 4% paraformaldehyde in 0.1 M PBS (pH 7.4) for 20 min. After washing with PBS, cells were incubated for 30 min at room temperature with Dil dye (10 μM, Molecular probe). Washing with PBS three times, cells were then visualized by confocal or fluorescence microscopy (FV1, 000, Olympus).
Sources and preparation of reagents. 2, 3-butanedione monoxime (BDM), Cytochalasin D (CD), latrunculin A (LA) and ML-7 were from Sigma-Aldrich. Caly was from Millipore. Pharmacological agents were dissolved in DMSO or PBS in stock solution. 1 or 5 mM CD or 5 mM ML-7 or 200 mM BDM or 10 or 50 μM LA 25 μM Caly was loaded into the micropipette for migration assay.
